Zhang L-Q, Chung SG, Ren Y, Liu L, Roth EJ, Rymer WZ. Simultaneous characterizations of reflex and nonreflex dynamic and static changes in spastic hemiparesis. This study characterizes tonic and phasic stretch reflex and stiffness and viscosity changes associated with spastic hemiparesis. Perturbations were applied to the ankle of 27 hemiparetic and 36 healthy subjects under relaxed or active contracting conditions. A nonlinear delay differential equation model characterized phasic and tonic stretch reflex gains, elastic stiffness, and viscous damping. Tendon reflex was characterized with reflex gain and threshold. Reflexively, tonic reflex gain was increased in spastic ankles at rest (P Ͻ 0.038) and was not regulated with muscle contraction, indicating impaired tonic stretch reflex. Phasic-reflex gain in spastic plantar flexors was higher and increased faster with plantar flexor contraction (P Ͻ 0.012) than controls (P Ͻ 0.023) and higher in dorsi-flexors at lower torques (P Ͻ 0.038), primarily because of its increase at rest (P ϭ 0.045), indicating exaggerated phasic stretch reflex especially in more spastic plantar flexors, which showed higher phasic stretch reflex gain than dorsi-flexors (P Ͻ 0.032). Spasticity was associated with increased tendon reflex gain (P ϭ 0.002) and decreased threshold (P Ͻ 0.001). Mechanically, stiffness in spastic ankles was higher than that in controls across plantar flexion/dorsi-flexion torque levels (P Ͻ 0.032), and the more spastic plantar flexors were stiffer than dorsi-flexors at comparable torques (P Ͻ 0.031). Increased stiffness in spastic ankles was mainly due to passive stiffness increase (P Ͻ 0.001), indicating increased connective tissues/shortened fascicles. Viscous damping in spastic ankles was increased across the plantar flexion torque levels and at lower dorsi-flexion torques, reflecting increased passive viscous damping (P ϭ 0.033). The more spastic plantar flexors showed higher viscous damping than dorsi-flexors at comparable torque levels (P Ͻ 0.047). Simultaneous characterizations of reflex and nonreflex changes in spastic hemiparesis may help to evaluate and treat them more effectively. reflexes; stiffness; spasticity; rehabilitation; stroke SPASTIC HYPERTONIA (Lance 1980) is associated with functional limitations and is a major source of disability in many neurological disorders, including stroke, traumatic brain injury, cerebral palsy, multiple sclerosis, and spinal cord injury (Kim and Park 2011; Sunnerhagen et al. 2013) . Despite the clinical significance of spastic hypertonia, the underlying mechanisms are often not clear (Dietz 2000; Rymer and Katz 1994; 
and Magnussen 1994; Young 1994) . The increased mechanical resistance to passive movement can be due to hyperactive reflexes and/or to nonreflex changes in muscles and connective tissues like contracture (Rymer and Katz 1994) . The reflex changes have both phasic (dynamic) and tonic (static) components, and the nonreflex contributions include the dynamic component of viscous damping (also called viscosity, dashpotlike property with resistance proportional to velocity) and the static component of elastic stiffness (springlike property with resistance proportional to displacement). All of these components may contribute simultaneously to the increased resistance in passive movement of spastic limbs, whether each of these components (tonic stretch reflex, phasic stretch reflex, elastic stiffness, and viscous damping) is enhanced in spastic limbs or not is not always clear, and there is a lack of methods to characterize all these components simultaneously (Dietz and Berger 1983; Galiana et al. 2005; Gottlieb et al. 1978; Lorentzen et al. 2010; Ludvig et al. 2011; Rymer and Katz 1994; Sinkjaer and Magnussen 1994; Thilmann et al. 1991; Young 1998 ).
On one hand, some investigators have shown that the increased resistance in spastic limb movement is mainly due to hyperactive reflexes, as shown in exaggerated tendon jerks and the increased H-reflex response (Galiana et al. 2005; Gottlieb et al. 1978; Levin and Hui-Chan 1993; Meinders et al. 1996; Pierrot-Deseilligny and Mazieres 1985; Rack et al. 1984; Thilmann et al. 1991) . However, it is not clear whether reflex hyperexcitability is due to an increase in reflex gain or a decrease in reflex threshold (Levin and Hui-Chan 1993; Powers et al. 1988 Powers et al. , 1989 Rack et al. 1984; Thilmann et al. 1991; Zhang et al. 2000) . Thilmann et al. argued that while changes in passive mechanical properties may play a role when spasticity has been established for more than a year, the major cause of spastic muscle hypertonus is hyperactive reflex activity. Furthermore, they suggested that spastic hypertonus is not due to a reduction in reflex threshold but due to a pathological increase in stretch reflex gain (Thilmann et al. 1991) . In contrast, Powers et al. showed that spastic hypertonia results primarily from a reduction in stretch reflex threshold (measured by joint angle) rather than an increase in reflex gain (Powers et al. 1988 (Powers et al. , 1989 . Levin and Feldman reported that static and dynamic stretch reflex thresholds were decreased in spastic hemiparetic compared with normal subjects and the thresholds depended on velocity (Levin and Feldman 1994) .
With the use of isometric tests to minimize intrinsic (muscle contracting) and passive (muscle relaxed) contributions to joint torque, it was shown that spastic hypertonia in multiple sclerosis is associated with both increases in reflex gain and contraction rate and a decrease in reflex threshold (Zhang et al. 2000) .
On the other hand, other investigators believe that muscle hypertonia is independent of hyperactive reflex and that mechanical changes of muscles are the main reasons for the increased muscle tone in spasticity (Dietz and Berger 1983; Dietz et al. 1991; Lee et al. 1987; Sinkjaer et al. 1993 Sinkjaer et al. , 1996 Sinkjaer and Magnussen 1994) . Dietz et al. suggested that changes in mechanical muscle properties were mainly responsible for muscle hypertonia (Dietz and Berger 1983; Dietz et al. 1991) . Lee et al. reported that for voluntarily activated muscles of spastic hemiparetic patients the stretch reflex gains of spastic and contralateral limbs are not significantly different (Lee et al. 1987) . O'Dwyer et al. reported that hypertonia in the upper limbs of stroke patients within 13 mo of their stroke was associated with contracture but not with reflex hyperexcitability . Sinkjaer et al. reported that spastic muscles in stroke patients had an increased nonreflex stiffness but reflex-mediated stiffness during sustained voluntary contraction was not significantly different from normal subjects (Sinkjaer et al. 1993 (Sinkjaer et al. , 1996 Sinkjaer and Magnussen 1994) . Since spasticity involves both reflex and nonreflex actions and both dynamic (phasic) and static (tonic) components (Katz et al. 2000; Lance 1980; Rymer and Katz 1994) , it is important to characterize the different components simultaneously in studying spasticity. Most studies generally characterize only some of the components or do not separate different components. For example, although both tonic and phasic stretch reflex components were included in the most widely used definition of spasticity (Lance 1980) , the two components have not been evaluated quantitatively and simultaneously with a separate measure for each of them. There is a great need to simultaneously evaluate the various reflex and nonreflex contributions to increased muscle tone in spasticity/ contracture, which may help provide appropriate treatments for the different conditions (Dietz and Sinkjaer 2007; Rymer and Katz 1994; Sinkjaer and Magnussen 1994) .
The objectives of this study were to evaluate simultaneously both reflex (dynamic and static stretch reflex gains corresponding to phasic and tonic reflex actions, respectively) and nonreflex (joint elastic stiffness and viscous damping characterizing displacement-and velocity-dependent resistances, respectively) changes in ankles of spastic hemiparetic patients through in vivo experiments under both passive (relaxed) and active (muscle contracting) conditions. Furthermore, tendon jerk, a key element of spasticity (Lance 1980) , was evaluated specifically by tapping the Achilles tendon under isometric conditions, which minimized nonreflex actions associated with joint movement and manifested tendon reflexes. The hypotheses of the study were as follows. 1) Dynamic and static stretch reflex gains and intrinsic and passive joint stiffness and viscous damping are changed significantly in spastic hemiparesis, with plantar flexor and dorsi-flexor muscles affected differently.
2) Reflex hypertonia is associated with both increases in reflex gains (tendon reflex gain, dynamic and static stretch reflex gains) and decrease in threshold (measured in tendon tapping force). Investigation of the various components contributing to spastic hypertonia and impairments helps us gain insights into the mechanisms underlying spastic hypertonia, conduct impairment-specific rehabilitation, and evaluate pathological changes and treatment outcome more accurately.
MATERIALS AND METHODS

Subjects.
In total, 63 subjects participated in the study, including 27 patients with neurological disorders and 36 healthy subjects. The 27 hemiparetic patients (17 men and 10 women, 25 with stroke and 2 with traumatic brain injury) had unilateral brain damage at least 1 yr before the experiments. Causes of this brain damage were ischemic, hemorrhagic, and unilaterally traumatic in 10, 15, and 2 subjects, respectively. The time since the initial brain damage was 9.1 Ϯ 5.6 yr (mean Ϯ SD). All patients showed spasticity at the ankle on the impaired side. The 36 (19 men and 17 women) healthy subjects with no prior history of neurological disorder and muscular injury were recruited as normal control subjects. The ages of the spastic hemiparetic patients and healthy subjects were 54.8 Ϯ 10.3 and 47.5 Ϯ 19.9 yr, respectively ( Table 1 ). The study was approved by the Institutional Review Board. All subjects gave informed consent before participating in the study.
Each patient was examined initially for spasticity with the modified Ashworth scale (in the range of 0 to 4) and the tendon reflex scale (0 to 4) (Bates 1991; Bohannon and Smith 1987; Meythaler et al. 1996) . Passive limb movement in the modified Ashworth scale evaluation was done about three times before the modified Ashworth scale was determined (Bates 1991; Meythaler et al. 1996) . The clinical tendon reflex scale was evaluated by tapping the Achilles tendon (scores 2 and 1 correspond to average normal and low normal, respectively). The ankle passive range of motion (ROM) was measured manually with a goniometer under light push for both plantar flexions (PROM PF ) and dorsi-flexions (PROM DF ), as an evaluation of contracture. More strict evaluation of ROMs under servomotor-controlled moment of spastic ankles is reported elsewhere (Chung et al. 2004) . Other physical impairments that could be related to the reflex and nonreflex changes such as clonus were also noted. If a hemiparetic patient had a zero Ashworth scale, a tendon reflex score no more than 2 (average normal response), and normal ankle ROM, he/she was considered not spastic and was not included in the study.
Experimental setup. With the subject seated upright, a joint-driving device was used to perturb the ankle under both passive (muscles relaxed) and active (muscles contracting in plantar flexion or dorsiflexion) conditions (Fig. 1) . The seat could be moved in the horizontal plane along a set of X-Y tracks in the anteroposterior and mediolateral directions. It could also be rotated to an appropriate orientation and raised to different heights to align the ankle flexion axis with the motor shaft of the joint-driving device. After the leg and foot were positioned properly, the seat was locked in all degrees of freedom to form a solid base and the leg was strapped to a leg support. The foot was fixed to a footplate with adjustable clamp, heel block, and ankle straps. The footplate was mounted onto the motor shaft through a six-axis force sensor (JR3, Woodland, CA). The footplate could be adjusted in the medial-lateral, anterior-posterior, and proximal-distal directions of the foot for proper foot mounting and alignment. The knee and hip were flexed at 60°and 85°flexion, respectively. The ankle was positioned at 0°plantar flexion during the experiment, except for three patients with severe contracture of the triceps surae muscles. In these three cases, the ankle was positioned at a position as close to 0°plantar flexion as possible, at 5°, 10°, and 20°plantar flexion.
Control of perturbation. To characterize reflex and nonreflex properties of the ankle neuromuscular system, the joint was perturbed by a band-limited white noise sequence with appropriate amplitude (amplitude standard deviation ϭ 1.5°) and bandwidth (7 Hz) to manifest both reflex and nonreflex properties ( Fig. 2) Rymer 1997, 2001) . The joint-driving device was driven by a servomotor (Kollmorgen Goldline B806) controlled by a digital controller using a Texas Instruments TMS320 digital signal processor (Zhang and Rymer 1997) . On one hand, the bandwidth of the perturbation signal needs to be high so that the joint neuromuscular system receives persistent excitation (Söderström and Stoica 1989) and the subjects can maintain a steady mean muscle torque during the random perturbations. On the other hand, the bandwidth should be low enough to avoid potential vibratory suppression of reflex muscle activation or impaired muscle contractility (Stein and Kearney 1995; Rymer 1997, 2001) . As a safety precaution, the controller checked the joint position and torque signals at 2 kHz and shut down the system if they were out of prespecified ranges.
Tapping Achilles tendon. To manifest reflex action and evaluate it more reliably, an instrumented tendon tapper with a force sensor at its tip was used to tap the Achilles tendon with the ankle locked at 0°p lantar flexion. The isometric condition manifested reflex actions and minimized nonreflex actions associated with joint movement, includ- In addition to other protective measures, the safety screws are used as mechanical stops to restrict the motor range of motion during the perturbation. The foot is fixed to the attachment through a clamp, and the foot attachment can be adjusted and locked in 4 degrees of freedom to achieve appropriate alignment. A 6-axis force sensor is mounted between the foot attachment and the motor shaft. The leg and thigh are strapped to the leg support and seat, respectively. ing torques generated by the inertial, viscous, and elastic components during joint movement. First, the most sensitive spot on the Achilles tendon with the strongest reflex response was located and a selfadhesive rubber bumper was mounted at the spot, which made the tapping more consistent (Zhang et al. 1999) . Second, the tapping force was increased gradually until obvious triceps surae muscle contractions were evoked. The Achilles tendon was then tapped slightly above the force level, which was also taken as a measure of the reflex threshold in tapping force (Zhang et al. 2000) .
Protocol. Ankle flexion angle (t), moment T(t), and EMG signals from the soleus, medial and lateral gastrocnemius, and tibialis anterior muscles were recorded. The signals were low-pass filtered with eighth-order Butterworth filters (230-Hz cutoff frequency), and the EMG signals were also high-pass filtered with a 20-Hz cutoff frequency. All signals were sampled at 500 Hz. At first, all signals were recorded at quiescent level while the subject remained relaxed. Next, at 0°plantar flexion, isometric maximum voluntary contractions (MVCs) in dorsi-flexion and plantar flexion were measured three times each and the average MVC values over the trials were taken as the corresponding dorsi-flexion and plantar flexion MVC torques.
To excite the reflex and nonreflex properties involved, the ankle joint was perturbed with the small-amplitude and band-limited white noise perturbation. The subject was asked to either relax or maintain a steady background muscle torque by matching a target torque during the perturbation trials of 10-s length (Fig. 2 ). The target torque was specified by the experimenter for each trial, and the target-torque matching error was calculated and displayed on the computer monitor screen in real time. The subject was instructed to keep the average level of this error at zero, whatever the target torque level was. Generally, background dorsi-flexion and plantar flexion muscle torques were generated alternately, and a rest period of 30 s was taken between trials to minimize muscle fatigue.
With the ankle fixed isometrically at 0°plantar flexion, the Achilles tendon was tapped at the selected force level ϳ10 times during each 30-s-long trial, with random interstimulus intervals of ϳ2.5 s. Three trials were collected. The subject was asked to relax during the tapping. If the subject needed to move during the experiment, the examiner would wait until the subject settled down again. Tendon tapping force, triceps surae and tibialis anterior EMG signals, and ankle joint torque were sampled at 500 Hz.
Simultaneous identification of reflex and nonreflex properties. The measured joint flexion angle and torque were used to identify the following nonlinear delay differential equation model, which was simplified from a previous model by omitting the dynamic stretch reflex gain for muscle shortening as well as setting the stretch reflex threshold in movement velocity to zero (Zhang and Rymer 1993 , 1997 . Considering that reflex and nonreflex contributions to increased muscle tone at the ankle were expressed as a summation of the corresponding torque components, the physiological model characterized ankle reflex and nonreflex properties by summing the torque components associated with dynamic (phasic) stretch reflex gain B d (), static (tonic) stretch reflex gain K d (), elastic stiffness K() (also called stiffness for simplicity), viscosity B(), and foot inertia I() as follows:
where ⌬(t) and ⌬T(t) were the deviations of the ankle dorsi-flexion angle (t) and external dorsi-flexion perturbing torque T(t) from their mean values during the small-amplitude perturbations, respectively. was the operating state that included the mean background muscle torque, mean ankle flexion angle, and perturbation bandwidth ( is omitted in the following for simplicity). e(t) was the modeling error. R d (·) represented half-wave rectification. For plantar flexor and dorsiflexor contractions during the perturbations, R d (·) rectified the dorsiflexion (which stretched contracting plantar flexor muscles) and plantar flexion (stretching contracting dorsi-flexors) movements, respectively. ␦ d was the threshold under which the dynamic movement caused virtually no reflexive joint torque. It was taken as zero in this study for simplicity. Gravity force on the foot was assumed to be constant under the small-amplitude perturbations. For physiological interpretations, the above model was represented by components with physical or physiological meanings ( Fig. 3) . Figure 3 , top, characterizes the passive and intrinsic muscle-joint properties, where K and B are the joint elastic stiffness and viscous damping coefficient, respectively. Figure 3 , bottom, describes the reflex feedback properties of muscles crossing the joint. In addition to the intrinsic (with muscle contracting) and passive (muscle relaxed) muscle-joint properties, the reflex parameters, B d and K d , characterize gains of the dynamic and static stretch reflex actions caused by angular velocity and position perturbations occurring t d1 seconds ago, respectively. To simplify the identification and reduce the number of parameters estimated simultaneously, t d1 was estimated separately in the tendon tapping tests as the delay from the onset of the tapping force to the start of the reflex-mediated torque response Rymer 1997, 2001) . B d corresponds to unidirectional velocity of muscle stretching (dorsi-flexion and plantar flexion for contracting plantar flexors and dorsi-flexors, respectively).
Data analysis. The reflex/nonreflex and dynamic/static parameters (K, B, B d , and K d ) in Eq. 1 were estimated with system identification techniques for each trial during which the subject maintained a steady level of plantar flexor or dorsi-flexor muscle contraction Rymer 1997, 2001) . The same estimations were repeated for different levels of plantar flexion and dorsi-flexion torque for each subject (see Fig. 5 ). Since different subjects did not perform the plantar flexion or dorsi-flexion at exactly the same torque levels, a second-order polynomial was used to fit the parameters estimated across different torque levels for each subject (see Fig. 5 ). The same estimation procedure was repeated for each subject, and mean and variance of the parameters were then calculated across multiple subjects.
The joint stiffness K of the ankle joint was composed of two components: the passive stiffness (muscles relaxed or no voluntary muscle contraction) and the intrinsic stiffness (muscles contracting). K estimated in the zero background muscle torque (muscle relaxed) condition was taken as the passive stiffness, and the intrinsic component (varying with muscle contraction) of the joint elastic stiffness was the difference between the total joint elastic stiffness (varying with muscle contraction) and passive stiffness (independent of muscle contraction). Similarly, viscous damping was decomposed into passive viscous damping (muscles relaxed or without voluntary muscle contraction) and intrinsic viscous damping (with muscles contracting) components.
For the Achilles tendon reflex, tendon tapping force and reflexmediated plantar flexion torque were taken as the system input and output, respectively. A system identification technique was used to estimate the tendon reflex gain (G s ) based on the relationship between the tapping force and reflex torque response, which minimized the variations caused by changes in the tapping force (Zhang et al. 1999 ). The tendon reflex gain characterized the brisk phasic contraction triggered by the dynamic stretching of the triceps surae muscles and spindles inside during the quick tapping of the Achilles tendon (Gordon and Ghez 1991) . In addition, reflex threshold in tapping force f t was determined by the averaged peak tapping force considering that the tendon was tapped repeatedly in the experiment just above the threshold.
Between the spastic hemiparetic patients and normal control subjects, Student's t-test was used to test whether each of the response variables was different, including the reflex (dynamic stretch reflex gain B d and static stretch reflex gain K d ), intrinsic, and passive (joint elastic stiffness K and viscous damping coefficient B under relaxed and muscle contracting conditions, respectively) variables calculated over various contraction levels for each subject. The test was done similarly at different background muscle contraction levels. The response variables also include Achilles tendon reflex gain and reflex threshold in tapping force tested under the passive condition. The null hypothesis was that the two group means were equal. To evaluate whether each of the reflex and nonreflex parameters increased/decreased with muscle contraction, dependence of the parameter on muscle contraction was characterized by the slope of the relationship between them (parameter as a function of the joint torque). The slope was calculated separately for plantar flexor and dorsi-flexor contractions. Relationships among the multiple reflex and nonreflex variables were analyzed by calculating the correlation coefficients between each pair of variables. The significance level was set at 0.05. , and static (tonic) stretch reflex gain K d (,t d1 ). When the cart is pulled horizontally, the resistance force F(t) is generated by all 5 components, K, B, m, B d , and K d . In the corresponding rotational case, K(), B(), and m correspond to joint elastic stiffness, joint viscous damping, and foot inertia, respectively. The lower part represents the reflex feedback properties of the ankle joint and muscles crossing it. represents the system operating state and t d1 the reflex-loop delay. Different from the nonreflex muscle-joint properties, the two reflex parameters, B d (,t d1 ) and K d (,t d1 ), characterize stretch reflex actions that are caused by the angular perturbation that occurred t d1 seconds ago. Note that B d (,t d1 ) corresponds to unidirectional velocity of muscle stretching. 
RESULTS
General features. The modified Ashworth scale of the triceps surae muscles in the hemiparetic patients was 2.2 Ϯ 1.1 (mean Ϯ SD) on the 0 to 4 scale (Table 1) . Their dorsi-flexor muscles were much less spastic and the Ashworth scales were Ͻ1. Their Achilles tendon reflex scale was 3.1 Ϯ 0.8 on the scale of 0 to 4. Their plantar flexion and dorsi-flexion MVC torques were 10.4 Ϯ 10.7 and 10.9 Ϯ 7.7 N·m, respectively. The Achilles tendon reflex scale of the healthy subjects was 2.0 Ϯ 0.0. The hemiparetic patients with spastic ankle had a significantly lower passive ROM in dorsi-flexion (P Ͻ 0.001) than that of normal control subjects. The average dorsi-flexion ROM was Ϫ17.0 Ϯ 6.4°for the control group (dorsi-flexion was measured as negative angle) and Ϫ1.3 Ϯ 11.4°for the hemiparetic patients. The plantar flexion ROM of the spastic hemiparetic group (39.3 Ϯ 7.4°) was also smaller than that of the control group (43.9 Ϯ 10.8°) (P ϭ 0.008).
Simulations based on Eq. 1 with parameters identified from experiments on individual subjects showed that the model (Eq. 1) characterized the neuromuscular system dynamics closely. In a representative case (a stroke survivor with spastic plantar flexors and a modified Ashworth scale of 3), the model accounted for 92% of the variance in the torque signal in a trial during which the subject maintained a strong level of plantar flexor contraction (Fig. 4) . Over the various levels of background muscle contraction and across the subjects, the variance accounted for (VAF) was 87.6 Ϯ 5.2% (mean Ϯ SD). Representative reflex (dynamic and static stretch reflex gains) and nonreflex (elastic stiffness and coefficient of viscous damping) properties from a healthy subject are shown in Fig. 5 .
Changes in passive and intrinsic joint stiffness in spastic hemiparesis. The joint elastic stiffness in spastic ankles of spastic hemiparetic patients was significantly higher than that in normal control subjects across the range of background muscle torque, including both background plantar flexor (P Ͻ 0.002) and dorsi-flexor (P Ͻ 0.032) contractions (Fig. 6 ). For both spastic hemiparetic patients and healthy subjects, joint stiffness K increased with the background muscle torque in both plantar flexion (P Ͻ 0.001) and dorsi-flexion (P Ͻ 0.001) ( Fig. 6) . At comparable levels of background muscle torque, there was no significant difference between the stiffness generated by the plantar flexors and dorsi-flexors in normal control subjects (P Ͼ 0.057). However, the stiffness generated by the plantar flexors was greater than that generated by the dorsiflexors in the spastic hemiparetic patients at torque levels of Ͻ7 N·m (P Ͻ 0.031) (Fig. 6) .
Between the passive and intrinsic components of the total joint stiffness, the passive joint stiffness in spastic ankles of the hemiparetic patients was significantly higher than that of normal control subjects (P Ͻ 0.001). However, the intrinsic joint stiffness was not significantly different between the spastic hemiparetic and normal groups at any torque level in either dorsi-flexor contraction (P Ͼ 0.500) or plantar flexor contraction (P Ͼ 0.187).
Changes in passive and intrinsic joint viscous damping in spastic hemiparesis. Joint viscous damping coefficient B in the spastic ankles of hemiparetic patients was significantly higher than that in normal control subjects (Fig. 6) . The difference was significant across the plantar flexor torque levels (P Ͻ 0.024) and for Ͻ2 N·m dorsi-flexor contraction (P ϭ 0.033). For both normal and spastic hemiparetic groups, ankle joint viscous damping coefficient B() increased monotonically with increasing plantar flexor (P Ͻ 0.001) and dorsi-flexor (P Ͻ 0.009) muscle torque (Fig. 6) . At comparable levels of background muscle torque there was no significant difference between viscous damping of the plantar flexors and that of the dorsi-flexors in normal control subjects (P Ͼ 0.052), and beyond 16 N·m viscous damping of the plantar flexors became greater than that of the dorsi-flexors in normal control subjects (P Ͻ 0.047). In contrast, across the torque levels tested, viscous damping of the plantar flexors was significantly higher than that of the dorsi-flexors in the spastic hemiparetic patients (P Ͻ 0.048) (Fig. 6) .
Between the passive and intrinsic components of the total joint viscous damping, the passive viscous damping in the spastic ankles of the hemiparetic patients was significantly higher than that of normal control subjects (P ϭ 0.033). However, intrinsic viscous damping was not significantly different between the spastic hemiparetic and normal groups at any torque level in either dorsi-flexor contraction (P Ͼ 0.500) or plantar flexor contraction (P Ͼ 0.219). Changes in dynamic stretch reflex gain in spastic hemiparesis. Across the range of plantar flexor contraction, dynamic stretch reflex gain B d for stretching the contracting plantar flexor muscles in the spastic hemiparetic patients was higher than that in normal control subjects at the same levels of torque (P Ͻ 0.023) (Fig. 6) . Similarly, dynamic stretch reflex gain B d for stretching dorsi-flexor muscles in the spastic hemiparetic group was higher than that in normal control subjects (P Ͻ 0.038). At the passive state (muscle relaxed), dynamic stretch reflex gain B d was significantly higher than that in normal control subjects (P ϭ 0.045).
As the background muscle torque increased, the dynamic stretch reflex gain B d increased with both ankle plantar flexor (P Ͻ 0.001) and dorsi-flexor (P Ͻ 0.017) contractions for both normal control subjects and spastic hemiparetic patients (Fig.  6) . For the dorsi-flexor muscles, B d increase due to muscle contraction in spastic hemiparetic patients was not higher than similar B d increase in normal control subjects. For the more spastic plantar flexor muscle, however, there was more significant B d increase with muscle contraction in the spastic hemiparetic patients than in normal control subjects for plantar flexor torque Ͼ10 N·m (P Ͻ 0.012).
In the spastic ankles, dynamic stretch reflex gain B d associated with the more spastic plantar flexors was significantly higher than that associated with the dorsi-flexors at all comparable levels of torque (P Ͻ 0.032) (Fig. 6) . In contrast, there was no significant difference between the dynamic stretch reflex gain B d of the plantar flexors and that of the dorsi-flexors in normal control subjects at comparable levels of muscle torque across the range of 0 to 17 N·m (P Ͼ 0.101).
Changes in static stretch reflex gain in spastic hemiparesis.
At the passive state (muscle relaxed), static stretch reflex gain K d in spastic hemiparetic ankles was significantly higher than that in normal controls (P ϭ 0.038) and K d in spastic hemiparetic ankles remained significantly higher than that in normal controls for plantar flexor torques Ͻ4 N·m (P Ͻ 0.037) and for dorsi-flexor torques Ͻ3 N·m (P Յ 0.038) (Fig. 6) .
As the background muscle torque increased, the static stretch reflex gain K d increased with both ankle plantar flexor (P Ͻ 0.001) and dorsi-flexor (P Ͻ 0.001) contractions in normal control subjects (Fig. 6 ). However, it did not increase with either plantar flexor (P ϭ 0.233) or dorsi-flexor (P ϭ 0.952) contraction in spastic hemiparetic patients.
Changes in Achilles tendon reflex gain in spastic hemiparesis. In general, stronger Achilles tendon reflex responses in reflexmediated torque and EMG signals were induced in spastic ankles than in normal controls (Fig. 7) . With the muscles relaxed (the passive state), the Achilles tendon reflex gain G s of spastic ankles was significantly higher than that of healthy controls (P ϭ 0.002), with the tendon reflex gain for the spastic hemiparetic and healthy groups being 7.4 Ϯ 5.9 and 3.4 Ϯ 2.5 cm·ms, respectively.
On the other hand, much weaker taps were needed to induce reflex responses in spastic triceps surae muscles than in normal controls (Fig. 7) . The threshold in tapping force f t was 13.6 Ϯ 3.5 and 20.2 Ϯ 6.4 N for the spastic hemiparetic and healthy groups, respectively. The reflex threshold f t was significantly lower for the spastic hemiparetic population than for normal control subjects (P Ͻ 0.001).
Correlations between reflex and nonreflex changes. The passive stiffness K passive was strongly correlated with most of the nonreflex and reflex measures, especially the passive viscosity B passive (r ϭ 0.943 and P Ͻ 0.001), dynamic reflex gain B d_passive (r ϭ 0.759 and P Ͻ 0.001) and static reflex gain K d_passive (r ϭ 0.614 and P ϭ 0.001), and tendon reflex gain G s (r ϭ 0.714 and P Ͻ 0.001). The passive viscosity B passive was also strongly correlated with the dynamic reflex gain B d_passive (r ϭ 0.783) and static reflex gain K d_passive (r ϭ 0.640) and tendon reflex gain G s (r ϭ 0.671), with P Ͻ 0.001 for all ( Table 2) . The dynamic reflex gain B d_passive was correlated with the tendon reflex gain G s (r ϭ 0.479 and P ϭ 0.018) and static reflex gain K d_passive (r ϭ 0.522 and P ϭ 0.005). The static reflex gain K d_passive was also correlated with tendon reflex gain G s (r ϭ 0.710 and P Ͻ 0.001). The threshold in tapping force f t had low correlations with all other variables. The plantar flexor muscle strength (PF MVC) did not have significant correlations with the other measures (Table 2) .
DISCUSSION
It is not clear how much spastic hypertonia is due to hyperactive stretch reflexes (Gottlieb et al. 1978; Levin and Hui-Chan 1993; Meinders et al. 1996; Mirbagheri et al. 2001; Pierrot-Deseilligny and Mazieres 1985; Powers et al. 1988; Rack et al. 1984; Thilmann et al. 1991; Zhang et al. 2000) and how much is due to the nonreflex part of muscle stiffness (Chung et al. 2004; Dietz and Berger 1983; Galiana et al. 2005; Lee et al. 1987; Sinkjaer and Magnussen 1994) . A difficulty involved is that the reflex and nonreflex dynamic and static components contributing to spastic hypertonia coexist in spastic muscles/joints and evaluating some components without considering the others appropriately cannot differentiate their contributions. The above approach provides us with a useful tool to simultaneously identify reflex and nonreflex changes associated with spastic limbs through in vivo experiments. The study showed that spastic hemiparesis was associated with a number of reflex and nonreflex changes simultaneously: 1) Dynamic stretch reflex was hyperactive in spastic ankles, and the more spastic plantar flexors showed higher dynamic stretch reflex gain than the dorsi-flexors. The hyperexcitability of phasic stretch reflex was corroborated by significantly higher tendon reflex gain in relaxed muscle. 2) Hyperactive static stretch reflex was associated with spastic hemiparesis at the passive and low levels of muscle torque. Furthermore, spastic hemiparetic patients did not regulate their static stretch reflex gain with muscle contraction as the normal control subjects did. 3) Elastic stiffness in the passive state (muscle relaxed) was significantly higher in spastic ankles than in normal controls, and intrinsic stiffness was not different between spastic and normal groups. 4) Joint viscous damping in the passive state was higher in spastic hemiparesis than in normal control subjects. 5) Together with increases in the reflex gains, reflex threshold measured in tapping force was significantly lower in spastic hemiparesis than in normal control subjects. These findings on reflex and nonreflex and dynamic and static changes help us understand mechanisms underlying spastic hypertonia and allow us to evaluate pathological changes and treatment outcomes more accurately.
The relative contributions of the reflex and nonreflex components were dependent on the experimental conditions (perturbation bandwidths, amplitudes, muscle activation, etc.) at the ankle joint, and the reflex and nonreflex parameters estimated may vary considerably with the conditions. Reflex Values are Pearson's product-moment correlation coefficients (upper triangle), calculated with data from all 27 spastic hemiparetic patients. DF ROM, mean dorsiflexion range of motion; PF MVC, plantar flexor maximal voluntary contraction torque; K passive , B passive , B d_passive , K d_passive , K(), B(), B d (), K d () in the passive condition, respectively; G s and f t , tendon reflex gain and reflex threshold in tapping force, respectively. *and †, significance at 0.05 and 0.01 level (2-tailed), respectively. contributions, for example, could vary from 0% as in the case of slow passive movement with only nonreflex-mediated resistance and no reflex actions induced as in previous studies (Chung et al. 2004) to almost 100% as in the case of tendon reflexes induced by tapping the Achilles tendon with the ankle at a fixed position (Zhang et al. 2000) . In general, reflex and nonreflex contributions estimated in different studies using different protocols could be quite different from each other. However, what is important is to use the same experimental protocol across different subjects and compare their reflex and nonreflex contributions at comparable conditions, which was done in the present study.
The significantly higher dynamic stretch reflex gain [B d ()] in spastic ankles than in normal controls indicates hyperactive phasic stretch reflex in spasticity. Furthermore, the larger increase in dynamic stretch reflex gain (in comparison with normal controls) over the torque range of the more spastic plantar flexors and the smaller increase in dynamic stretch reflex gain of the less spastic dorsi-flexors indicate that the increase in dynamic (phasic) stretch reflex gain is associated with severity of spasticity. Similarly, the higher dynamic stretch reflex gain in the more spastic plantar flexors than in the less spastic dorsi-flexors at comparable torque levels also supports the positive correlation between severity of spasticity and hyperactive phasic stretch reflex.
It was found that a major component of the increased dynamic stretch reflex gain was due to its increase in the passive state (muscle resting/relaxed), indicating hyperexcitability of motoneurons associated with resting spastic muscles crossing the ankle. Furthermore, after subtraction of the gain in the passive state, the dynamic stretch reflex gain in the more spastic plantar flexors was still significantly higher than that in normal controls in the torque range of Ͼ10 N·m. This indicates that dynamic stretch reflex gain in strongly activated spastic muscles was further increased in the more spastic plantar flexor muscles.
Increased phasic stretch reflex in spastic ankles as reflected by the increased dynamic stretch reflex gain was corroborated by the increased tendon reflex gain and significant correlation between the two measures (Table 2) , with the latter determined isometrically and thus minimizing nonreflex contributions to the joint torque. This was consistent with the pathological increase in reflex gain in the biceps muscle EMG response observed in 19 hemiparetic patients (Thilmann et al. 1991) . It was also in agreement with the increase in reflex stiffness gain reported by Galiana et al. (2005) and Mirbagheri et al. (2001) , although their reflex stiffness gain measure was not exactly the same as our measures of dynamic stretch reflex gain because of the different model structures used.
By tapping the Achilles tendon under an isometric condition that minimized nonreflex actions associated with joint movement and thus manifested reflex actions, we found that reflex threshold measured in tapping force was significantly reduced in spastic hemiparetic ankles and a weaker stimulus was needed to induce reflex responses in the spastic plantar flexor muscles than that needed for normal controls. Our emphasis was to minimize nonreflex contributions associated with joint movement with focus on reflex excitability. It was found that even with a lighter tap the spastic plantar flexor muscles responded reflexively with higher gain than normal controls. The decreased reflex threshold and increased tendon reflex gain indicated that spastic hypertonia involved reflex changes in both gain (Gottlieb et al. 1978; Rack et al. 1984; Thilmann et al. 1991) and threshold (Levin and Feldman 1994; O'Sullivan et al. 1998; Powers et al. 1988; Rymer and Katz 1994) . Of note is that the reflex threshold in tapping force characterized in the present study is different from the reflex threshold in joint angle measured during passive movement (Levin and Feldman 1994; Rymer and Katz 1994) , although the two threshold measures are related. Increase in tendon reflex gain and decrease in threshold coexisted in spastic plantar flexor muscles and reflected a common phenomenon of hyperactive reflex, which could be due to increased motoneuron excitability and/or tighter mechanical transmission along the path from the tapping of the Achilles tendon to the stretching of spindles in the triceps surae muscles and from the contraction of the triceps surae muscles to the production of ankle plantar flexion torque (Zhang et al. 2000) . Such an increased mechanical transmission in spastic muscles was corroborated by the significant correlations between the increased stiffness/viscosity and the increased tendon reflex gain in the hemiparetic patients (Table 2) .
Muscle spindles contain dynamic nuclear bag intrafusal fibers and static nuclear bag and nuclear chain intrafusal fibers with differential responses to dynamic and static phases of muscle length changes (Gordon and Ghez 1991) . The dynamic stretch reflex gain [B d ()] and static stretch reflex gain [K d ()] were used in this study to characterize the corresponding dynamic (phasic) and static (tonic) reflex actions, respectively. We found that static stretch reflex gain K d () in spastic hemiparetic ankles was significantly higher than that in normal controls at the passive state (resting muscles with no voluntary contraction) and at low levels of plantar flexor and dorsi-flexor contractions. This was consistent with the increased tonic stretch reflex in spasticity (Lance 1980) . Lieber and Fridén (2002) measured the sarcomere length in flexor carpi ulnaris (FCU) muscles from patients with severely spastic wrist flexion contractures and found that spastic FCU muscles had extremely long sarcomere lengths even with the wrist fully flexed. It is conceivable that elongated sarcomeres may be associated with elongated static nuclear bag and nuclear chain fibers in spindles, which would likely result in increased tonic stretch reflex gain. Furthermore, the static stretch reflex gain K d () was not regulated with either plantar flexor or dorsiflexor contraction in spastic hemiparetic patients as was the case in normal control subjects, indicating an impaired reflex control mechanism associated with elongations of sarcomeres and chain and static bag fibers in spasticity.
It was found that both plantar flexors and dorsi-flexors in spastic ankles were significantly stiffer (higher elastic stiffness) than their counterparts in normal controls across the range of contractions, and the more spastic plantar flexors in spastic ankles were stiffer than the less spastic dorsi-flexors at comparable levels of torque. This indicates that elastic stiffness is closely related to spasticity and is positively correlated with spasticity. Among the various correlations in Table 2 , passive stiffness showed very strong correlations with other reflex and nonreflex measures (viscosity, dynamic and static reflex gains, and tendon reflex gain), suggesting the clinical need for reducing passive stiffness to treat spasticity and motor impairment. Furthermore, it was shown that passive stiffness was a major contributor to the increased total joint stiffness in spastic ankles while intrinsic stiffness was not significantly increased, indicating that changes in connective tissues, tendons, and passive muscle fascicle properties are likely to be major contributors to the increased stiffness in spastic ankles. It is conceivable that decreased fascicle length after stroke (Gao et al. 2009; Gao and Zhang 2008) would result in increased passive tension and passive elastic stiffness. In addition, many of the spastic hemiparetic patients in this study (19 of 27) used an ankle-foot orthosis (AFO), which helped keep the ankle in place but also reduced the movement of muscles across the ankle. It was shown that immobilization of muscles caused considerable increase in collagen and loss of sarcomeres, and both quantitative increase and qualitative rearrangement of the connective tissue contributed to increase in muscle stiffness (Williams and Goldspink 1981, 1984) . Booth et al. (2001) showed that connective tissue, and more specifically the structural protein collagen, accumulated within spastic muscles of children with cerebral palsy and the amount of collagen had a high significant correlation with severity of spasticity quantified by the Ashworth scale. Increases in connective tissues, shortening of muscle fascicles, and fiber atrophy fibers could contribute to the increase in passive stiffness in spastic muscles.
Viscous damping is involved in all dynamic movement, and appropriate damping is important in efficient and smooth limb movement (Cavagna 1970; Martin et al. 1994; Niku and Henderson 1989) . The viscous damping coefficient [B()] in spastic ankles was significantly higher than that in normal controls, especially in the more spastic plantar flexor muscles, reflecting an increase in the velocity-dependent resistance in spastic muscles/joints during dynamic movement. This indicates that viscous damping as well as hyperactive reflexes contribute to the increased velocity-dependent resistance associated with spastic limb movement. Furthermore, viscous resistance at the ankle joint can be generated by both muscle fibers (contracting or relaxed) and connective tissues (Zuurbier and Huijing 1992) . We found that the increased viscous damping in spastic hemiparetic ankles was due to an increase in passive viscous damping and intrinsic viscous damping associated with muscle contraction was not different between the spastic and control groups. This indicates that the increased viscous damping was likely due to an increase in connective tissues and/or changes in passive muscle fiber properties (reduction in fiber size and loss of muscle fibers) in spastic muscles. It is conceivable that, similar to the increase in passive elastic stiffness, the increase in passive viscous damping may also be related to the elongated sarcomeres (Lieber and Fridén 2002), accumulation of collagen (Booth et al. 2001) , and change in the aponeurosis within spastic muscles.
By evaluating the passive, intrinsic, and reflex-mediated mechanical responses to a 4°stretch of the ankle extensors at 200 ms after the stretch, Sinkjaer and Magnussen (1994) reported increased passive stiffness and unchanged intrinsic stiffness in spastic ankle extensors in nine hemiparetic patients. Our results on passive and intrinsic elastic stiffness were consistent with their results. Furthermore, we evaluated viscous damping and static stretch reflex gain, which also contributed to the ankle joint torque during the applied position perturbations. On the other hand, they reported that reflex stiffness of the spastic and contralateral legs was within the normal range of the reflex stiffness in healthy subjects, which was different from the increased dynamic stretch reflex gain [B d ()] observed in our study. Several factors might have contributed to the differences. First, our patients had rather severe spasticity, with average modified Ashworth scale and tendon reflex scale of 2.3 and 3.0, respectively. Second, the number of subjects involved in our study was larger (27 hemiparetic patients and 36 control subjects) than theirs (9 spastic hemiparetic patients tested bilaterally and 8 control subjects), which increased the statistical power. Third, the patients in our study had rather long durations of brain damage, averaging 9.1 Ϯ 5.6 yr since the first incident (compared to 31 Ϯ 24 mo in their study). The type of injury (ischemic or hemorrhagic) and plegic side of the patients in the two studies were also quite different.
The patients investigated in this study were chronic, averaging 9.1 Ϯ 5.6 yr post brain injury. The long duration after injury may have played a major role in the significant changes in the reflex and nonreflex properties observed in this study. Over time, reduced joint ROM, muscle fiber atrophy, and collagen accumulation may occur, and joint contracture may be developed (Gao et al. 2009; Selles et al. 2005) , which may contribute to the substantial increase of passive elastic stiffness, for example. Significant correlations among the reflex and nonreflex variables may also be affected by the long duration after stroke of the patients in this study. Different changes in reflex and nonreflex properties and different correlations may be observed with acute and subacute patients after stroke, which need to be investigated in future studies.
Different perturbations with different bandwidths, amplitudes, etc. applied to the ankle joint may manifest or suppress different components to be determined. For example, widebandwidth perturbations tend to suppress reflex contributions and promote intrinsic/passive contributions, while narrowbandwidth perturbations or perturbations with well-separated stretching and shortening movement may do the opposite (Stein and Kearney 1995; Rymer 1997, 2001) . The perturbations used in this study might not manifest reflex and nonreflex and dynamic and static properties optimally. The small-amplitude band-limited "white noise" perturbations used in this study made it easier for the subjects to maintain steady contractions and thus steady reflex and nonreflex actions during the perturbations. The reflex and nonreflex parameters [B(), K(), B d (), and K d ()] thus remained constant within the trials, making it easier to estimate them more reliably. Still, it was difficult for some patients to generate steady contractions at higher torque levels, which made the range of contraction torque during the small-amplitude random perturbations relatively small.
The low correlations of the reflex threshold in tapping force with the other reflex and nonreflex measures (see Table 2 ) might be related to the way the threshold was determined. During the experiment, the examiner tapped the Achilles tendon slightly above the threshold level and the averaged peak tapping force was used as the reflex threshold. The exact threshold point beyond which reflex responses were elicited should be slightly lower than the threshold determined in our experiment. Further work needs to be done to investigate different methods of threshold determination and to tap the tendon below as well as above the threshold to determine the reflex threshold accurately.
Spasticity involves both reflex and nonreflex and both dynamic and static changes, which made its evaluation difficult.
The significant correlations among the reflex and nonreflex changes in spastic hemiparesis indicated the need for evaluations of the reflex and nonreflex changes through an integrated approach. The method in this study provided us a tool to evaluate the multiaspect pathological changes simultaneously. Further study needs to be done to improve the method and corroborate it further with related investigations such as evaluations of changes of spastic muscle fascicles and tendons (Gao et al. 2009; Gao and Zhang 2008; Zhao et al. 2009 ).
Clinically, further work should be done to potentially implement the method as part of clinical diagnosis, which can be used to guide rehabilitation of spastic limbs more accurately in an impairment-specific way, and to evaluate the outcome comprehensively and quantitatively (Chung et al. 2008; Gao et al. 2009; Gao and Zhang 2008; Selles et al. 2005; Waldman et al. 2013; Zhang et al. 2002; Zhao et al. 2009 ). For example, if increased passive stiffness with reduced ROM is the major contributing factor, passive stretching may be chosen as the focused treatment (Gao et al. 2011; Selles et al. 2005 ). If it is predominantly impairment under active plantar flexor contraction, active movement training of the target calf muscles should be focused on (Waldman et al. 2013; Wu et al. 2011) . We expect that in many patients the impairments are contributed by multiple reflex and nonreflex factors, and thus combined treatment and evaluation are needed (Waldman et al. 2013; Wu et al. 2011) . Practically, an implementation of a more convenient and portable setup should be considered to make it suitable for clinical settings.
